The 8,2-adrenergic receptors of the human epidermoid carcinoma A431 cells reside on two polypeptide chains revealed by photoaffinity labelling with ['25liodocyanopindolol-diazirine. These proteins correspond to two distinct populations of N-asparagine-linked glycoproteins: the 55-52 kDa molecules are associated with complex carbohydrate chains(s), the 65-63 kDa component with polymannosidic carbohydrate chain(s). Both types of receptors are present in preconfluent cells, but only the polymannosidic type is found in the postconfluent cells. Moroever, complex chains appear to be associated with the receptors with the highest affinity for (-)-isoproterenol and polymannosidic chains with the receptors with the lowest affinity for this agonist. The carbohydrate moiety of the ,-adrenergic receptor is involved in the expression and function of the /J2-adrenergic receptors at the surface of the A431 cells, since tunicamycin and monensin, complete and partial inhibitors of glycosylation respectively, diminish the number of binding sites at the cell surface and increase the total number of sites in the cell. In these conditions a diminution of cyclic AMP accumulation is also observed.
INTRODUCTION
Several membrane receptors are glycoproteins, including those for opiates (Gioannini et al., 1982) , insulin (Cuatrecasas, 1973; Hedo et al., 1981; Cherqui et al., 1981) , nerve growth factor (Buxser et al., 1983) , muscarinic ligand (Shirakawa et al., 1983) , and epidermal growth factor (Carpenter & Cohen, 1977) . More recently, hamster lung /32-adrenergic (Stiles et al., 1984) and turkey erythrocyte fl1-adrenergic receptors (CervantesOlivier et al., 1985; Jiirss et al., 1985) were also shown to contain sugar moieties. Potential glycosylation sites have actually been localized (Dixon et al., 1986; Yarden et al., 1986) .
The role of oligosaccharides in relation to biological properties of glycoproteins has been studied in several different systems with various results: in some cases the carbohydrate moiety is needed for the activity of the glycoprotein (Caro et al., 1984; Mangelsdorf-Soderquist & Carpenter, 1984) , in others it is needed for its secretion (Bartalena & Robbins, 1984; Rustan et al., 1984) or for its recycling (Stein et al., 1984) . The absence of oligosaccharide chains on hepatoma fibrinogen does not interfere with its secretion, nor with its function (Gilman et al., 1985) . As for fl2-adrenergic receptors, recent results (Stiles, 1985) suggest that enzymically deglycosylated mammalian fl2-adrenergic receptors recognize both agonists and antagonists with the same potency order and affinities as the glycosylated form.
In the present work we discuss the role of the carbohydrate moiety of /J2-adrenergic receptors for expression and function at the cell surface in human A431 epidermoid carcinoma cells, which possess a large number of functionally active fl2-adrenergic receptors (Delavier-Klutchko et al., 1984) . Using cells at pre-and post-confluent state, we established that the ,f2-adrenergic receptors of A431 cells are glycoproteins of the N-linked type which bear two different types of carbohydrate chains, complex and polymannosidic, corresponding to two discrete populations of receptors which differ by their affinity for concanavalin A and also by their molecular mass. A431 cells were treated with tunicamycin or monensin, drugs which inhibit different steps in glycosylation of proteins and have proven to be valuable tools for investigating the function of carboydrate chains (Ueda et al., 1985; King, 1984; Pryor & Buse, 1984; Doss et al., 1985) . The effect of these treatments was evaluated on fiadrenergic ligand binding, agonist and antagonist, on expression of receptors and on amount of cyclic AMP accumulation induced by the agonist. The results show that the carbohydrate moiety is needed for translocation of receptors to the cell surface.
MATERIALS AND METHODS Materials
Con-A-Sepharose was purchased from Pharmacia. (± )-Propranolol, (-)-isoproterenol, tunicamycin and The human epidermoid carcinoma cell A431 line, from the American Type Culture Collection, was grown at 37°C in RPMI 1640 supplemented with 10% foetal calf serum, 200 mM-glutamine, 100 mM-sodium pyruvate, 0.05 g of streptomycin/ml and 50000 i.u. of penicillin/ml in a humidified incubator under an atmosphere of air/ CO2 (9:1). The medium was replenished every 2 days. Cells were plated out into 135 mm diameter culture dishes in 20 ml medium, until confluence; then they were detached with a solution of 0.25 % trypsin in versene (1: 5000) and subcultured into 35 mm diameter culture dishes (6-well plates) at a density of 1.5 x 105 cells/well. The cells were used on the third day (preconfluent cells) or the eighth day (postconfluent cells) following subculture. Inhibition of glycosylation A431 cells were treated with 2,g of tunicamycin/ml or 0.5 /M-monensin, in the presence of 1 mM-PMSF, for 24 h prior to the binding assays.
methionine was added to the medium 1 h after addition of these drugs. Cell solubilization A431 cells were washed twice with cold PBS and were solubilized with 10 mM-Tris/HCl (pH 7.4) containing 90 mM-NaCl, 2 mM-EDTA, 2 mM-EGTA, 1 mM-PMSF, 5 tg of leupeptin/ml, 7,g of pepstatin/ml, 17 sg of aprotinin/ml, 100 ,g of bacitracin/ml and 25 mMbenzamidine (buffer A) and 1.2 % digitonin for 20 min at 4 'C. The solubilized cells were centrifuged for 10 min at 40000 g.
Membrane preparation
A431 cell membranes were prepared using the method described for fibroblast cells (Thom et al., 1977) , except that protease inhibitors (1 mM-PMSF, 5 mm-EGTA, 25 mM-benzamidine, 1O,ug of leupeptin/ml, 10 ,ug of trypsin inhibitor/ml and 17 ug of aprotinin/ml were added to all buffers. Membranes were stored at -80 'C in 20 mM-Hepes (pH 7.4) Incubations were stopped by elimination of the medium and addition of 400 #1 of 100 mM-propranolol.
Cells were detached with a rubber spatula and centrifuged. Cyclic AMP was measured on aliquots of 50,1 of the supernatant with the Amersham kit, according to method of Tovey et al. (1974) . Binding assays with solubilized cells Solubilized cells (100-200 jug of protein) were incubated with 5 nM-[125I]ICYP for 30 min at 37°C in 10 mMTris/HCl (pH 7.4)/90 mM-NaCl with and without 2 /tM-(± )-propranolol. At the end of the incubation, the assay mixture was treated with PEG 6000 as described by Vauquelin et al. (1979) , except that 120 instead of 8 % PEG was used. Lectin affinity chromatographies Solubilized pre-or post-confluent cells (2-5 ml) were incubated with 5 nM-[125I]ICYP in the absence or in the presence of 2 fM-( ± )-propranolol for 30 min at 37 'C.
The suspensions were then incubated batchwise with 1 ml of Con-A gel equilibrated with buffer A containing 0.1 % digitonin at room temperature for 60 min while gently shaking. The free material was recovered by centrifugation (2000 g) for 5 min and its binding activity was determined on an aliquot by separating bound
[125I]ICYP from free ligand by PEG precipitation.
The gel was transferred into a column and washed successively with buffer A containing 0.1 % digitonin (3 column vol.) and with buffer B which differs from buffer A in that it contains 1 M-NaCl instead of 90 mM (3 column vol.).
Bound material -was eluted with 7 portions of 1 ml of 10 mM-cx-methyl D-mannopyranoside followed by 6 portions of 1 ml of 300 mM-a-methyl D-mannopyranoside. Laemmli & Favre (1973) with 40 stacking gel and 100 separating gel. The molecular weight markers used were lysozyme (14 kDa), soybean trypsin inhibitor (21 kDa), carbonic anhydrase (31 kDa), ovalbumin (45 kDa), serum albumin (67 kDa), and phosphorylase (92 kDa).
(1) two classes of receptors bind the agonist reversibly with different Kd values;
(2) association and dissociation rate constants for antagonists are respectively identical for the two classes of binding sites, since only one Kd is determined for each antagonist;
(3) dissociation rate constants for (-)-isoproterenol is at least 100-fold higher than the dissociation rate constant for antagonists for the two classes of receptors.
In these conditions, simulation curves best fit the observed data, and we thus can determine the proportion of each class of agonist binding sites, the Kd for the lower affinity sites and the highest value of the Kd for the higher affinity sites.
Immunoblotting of fi2-adrenergic receptor Immunoblotting was carried out as previously described (Towbin et al., 1979) . The solubilized cells and eluted fractions from the Con-A gel were electrophoresed and electrophoretically transferred onto a nitrocellulose membrane. The filter was then incubated overnight with PBS containing 1 % powdered milk and 0.1 % Tween 20.
Monoclonal antibodies were diluted 50-fold and incubated with the nitrocellulose strips overnight at 4 'C. The strips were thoroughly washed in PBS/milk/Tween and incubated with '2II-labelled protein A (106 c.p.m./ ml) for 1 h. Finally, the strips were washed five times in PBS, dried and autoradiographed.
Data analysis
Competitive binding experiments were achieved in non-equilibrium conditions (1 min); to interpret the competition curves, experimental data points were analysed using the procedure described by Betton et al. (1985) . The quantity of radioligand bound to the receptors after 1 min of exposure to the cells was calculated using the Kubiceck & Visnack procedure (1974) on the basis of the model proposed by Motulsky & Mahan (1983) ; the calculations were based on the following parameters:
(1) the binding reactions follow the law of mass action;
(2) radioligand ([3H]CGP 12,177) and competitor [(-isoproterenol] are in large excess compared with the binding sites and are simultaneously exposed to the receptors; (3) association and dissociation rate constants for
[3H]CGP 12,177 are known (k, =2x107w1 m min-' k= 7 x 10-s min-');
(4) at 1 min exposure, internalization is negligible; (5) the receptor concentration is 25 x 10-12 M; (6) dissociation rate constants for (-)-isoproterenol are at least 10-fold higher than the rate dissociation constant for antagonist (k-, > 1 min-'); they were adjusted in order to obtain the best fitted curve by the use of the simplex procedure (Nelder & Mead, 1965 Results are the means of three independent experiments done in duplicate.
RESULTS
We studied the ,6-adrenergic ligand binding activity and the hormone responsiveness in A431 cells at two states of growth, preconfluence and postconfluence. Indeed, in 1321 NI human astrocytoma (Harden et al., 1979; Doss et al., 1985) and C6 glioma cells (Morris & Makman, 1976; Mallorga et al., 1981) exhibited high affinity for (-)-isoproterenol (higher limit of Kd, 1 nM), the remaining 45 % sites possessed a lower affinity (Kd = 0.1 M) (Fig. 2) . On postconfluent cells, only one kind of binding sites was found with the same Kd (0.1 M) as that of the lowest affinity sites of preconfluent cells (Fig. 2) . indicating that the fl2-adrenergic receptor of both types of cells is a glycoprotein containing N-linked carbohydrate. To define the nature of the carbohydrate chains, differential elution from Con-A gel was performed by 10 mM-a-methyl D-mannopyranoside, which elutes complex carbohydrate chains (low affinity for Con-A), and 300 mM-a-methyl D-mannopyranoside, which elutes polymannosidic chains (high affinity for Con-A) (Narasimham et al., 1979) .
The elution pattern is shown in Fig. 4: Solubilized pre-and post-confluent cells and the different eluates from Con-A gel were extensively dialysed, lyophilized and subjected to SDS/polyacrylamide gel electrophoresis under reducing conditions. Then they were transferred on to nitrocellulose and probed with specific anti-(,-adrenergic receptor) monoclonal antibodies (Kaveri et al., 1987) . The results obtained are illustrated in Fig. 5(a) . In preconfluent cells (lane a) two polypeptides of 65-63 and 55-52 kDa were revealed. They had the same molecular mass as the polypeptides identified by photolabelling of membranes from preconfluent A431 cells (Fig. 5b) . In postconfluent cells (lane d), only the larger polypeptide was observed. Smaller peptides of 60 and 47 kDa in preconfluent cells and of 60 kDa in postconfluent cells were also detected, resulting probably from proteolytic degradation in the course of the experiments. In the eluate of pre-confluent cells from Con A gel with 10 mM-a-methyl D-mannopyranoside (lane b), only the 55-52 kDa peptide and its proteolytic degraded peptides were revealed. In the eluate with 300 mM (lane c), the 65-63 kDa and 60 kDa bands were detected. When membranes from preconfluent cells were labelled with the 8-adrenergic-specific ligand [125IICYP-diazirine before being solubilized and subjected to Con-A gel chromatography, a band of 55-52 kDa was revealed in the 10 mM-a-methyl Dmannopyranoside eluate and a band of 65-63 kDa in the 300 mM-a-methyl D-mannopyranoside eluate (Fig. Sc) . In this case, no minor bands were observed; it is likely that the solubilized membrane preparations were less contaminated by proteases than were the cell lysates.
These results suggest that receptors bearing complex carbohydrate chains correspond to the 55-52 kDa polypeptide, whereas those associated with polymannosidic chains correspond to the 65-63 kDa protein.
Inhibition of glycosylation of the p2-adrenergic receptor by tunicamycin and monensin
The effect of two inhibitors of glycosylation, tunicamycin and monensin, was studied on pre-and postconfluent cells. Tunicamycin inhibits the transfer of Nacetylglucosamine-l-phosphate from UDP-N-acetylglucosamine to dolichol monophosphate and thereby blocks the formation of glycoproteins containing Nlinked carbohydrate (Hickman et al., 1977; Damsky et al., 1979) ; monensin is an ionophore, whose major effect on cells is to disrupt the Golgi complex (Fig. 6a) and 12 fmol instead of 23.5 fmol/106 postconfluent cells (Fig. 6b and Table 2 ). The apparent dissociation constants of the ligand (Kd 0.29 nM) were similar in every case. After monensin treatment, the number of sites for [3H]CGP 12,177 on preconfluent cells shifted from 49 fmol to 27 fmol/ 106 cells, but the apparent dissociation constant of the ligand for the receptor remained the same (Fig. 6a) . On postconfluent cells, monensin had no effect on the number of [3H]CGP 12,177 binding sites nor on the apparent dissociation constant (Kd 0.29 nM) (Fig. 6b and Table 2 ).
125IJICYP binding. In preconfluent cells, the total number of sites per 106 cells increased from 72 to 105 fmol after tunicamycin treatment, and to 90 fmol after monensin treatment ( Fig. 6c and Table 2 ).
In postconfluent cells, monensin had nearly no effect but tunicamycin enhanced the number of sites from 31 fmol/ 106 cells ( Fig. 6d and 
DISCUSSION
Using chromatography on Con-A gel (Fig. 4) and on other lectin gels (results not shown), we have established et al., 1985; Harden et al., 1979) ------~~-i Role of the carbohydrate moiety of fi2-adrenergic receptors polyacrylamide gel electrophoresis under reducing conditions. Certain authors have proposed that the polypeptide of lower molecular mass as a result of the proteolytic degradation of the 65 kDa polypeptide (Benovic et al., 1983) . Malbon and his colleagues have shown that, in fat (Moxham & Malbon, 1985) and S49 lymphoma cells (George & Malbon, 1984) . The 55 kDa polypeptide represents the non-reduced receptor in the native state whereas the 65 kDa is the reduced form. As for A431 cells, both polypeptides were revealed by photoaffinity labelling. Our findings establish that the 65-65 kDa polypeptide is associated with polymannosidic chains and the 55-52 kDa one with complex carbohydrate chain. Thus the two polypeptides of 55-52 and 65-63 kDa, revealed by photolabelling off2-adrenergic receptor of the membranes from preconfluent A431 cells, correspond to the two populations of receptors mentioned above and differ at least by their carbohydrate moiety.
In postconfluent cells, a single population of receptors with a major polypeptide of 65-63 kDa was found to possess polymannosidic chain(s). Thus the amount of complex carbohydrate chain(s) decreases with the age of the cells. These results are different from those of Ceccarini et al. (1975) and Codogno et al. (1985) who observed an increase of glycoprotein associated with complex chain(s). However, these authors worked with a mixture of glycoproteins whereas we focused on a specific protein, the fl2-adrenergic receptor: its processing may yield a different pattern of oligosaccharide structure.
We have also compared antagonist and agonist binding on the /J2-adrenergic receptor of the pre-and postconfluent cells. We found that the affinities of the antagonists binding, [3H]CGP 12, 177 and [125IlICYP,  were the same for both types of cells, whereas the affinity of the receptor for the agonist (-)-isoproterenol changed with the age of cells. In the preconfluent cells, the curve (Doss et al., 1985) . Monensin has a complex effect that impairs processing beyond the high-mannose stage and it interrupts the process of receptor-mediated endocytosis and exocytosis and inhibits recycling of the receptors (Ledger & Tanzer, 1984 ICYP. Another molecular bearing polymannosidic oligosaccharides, fibronectin, has been also shown to be unaffected by monensin (Ledger et al., 1983) . In preconfluent cells, the situation was different since monensin does act on receptor associated with polymannosidic chain(s). A possible explanation of these results is that the activity or amount of the mannosidases are growth-dependent, leading to the modification of the polymannosidic glycoprotein processing. As for adenylate cyclase activity, a good correlation was found between the decrease of the accumulation of intracellular cyclic AMP and the diminution of the number of the sites at the cell surface after drug treatment. This correlation was strengthened by the fact that in postconfluent cells monensin, which did not affect the number of sites, had no effect on the pool of cyclic AMP. However, one cannot exclude a direct action of the drug on the adenylate cyclase, as this enzyme has been shown recently to be a glycoprotein (Pfeuffer et al., 1985) . Indeed, preliminary experiments performed with preconfluent cells treated with tunicamycin on monensin show partial decrease ofcyclic AMP accumulation, determined in presence of forskolin.
In conclusion, our results demonstrate that A431 cells (Dixon et al., 1986) . Our results, added to those of Stiles (1985) , suggest that N-linked glycosylation is required for incorporation of fi2-adrenergic receptors into plasma membrane, but once receptors have been incorporated, deglycosylation does not modify the binding activity. It will now be interesting to probe the role of the carbohydrate chains, particularly in the desensitization and recycling processes of the receptor.
During the preparation of this manuscript, a paper (George et al., 1986 ) appeared on a closely related subject. Our results differ from their findings since those authors found no effect of tunicamycin on the number of ,3-adrenergic receptors and on the activity of isoproterenol-stimulated adenylate cyclase. The difference could be accounted for by several facts: the material studied, the state of growth of the cells and the nature of the ,J-adrenergic ligand. Indeed, George et al. (1986) worked on S49 lymphoma cells, at confluency, and they used, as fl-adrenergic ligands, [1251lICYP which does not allow the distinction between internal and membranebound receptors.
